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Forest tent caterpillar, Malacosoma
disstria (Lepidoptera:
Lasiocampidae), mate-finding
behavior is greatest at intermediate
population densities: implications for
interpretation of moth capture in
pheromone-baited traps
Maya L. Evenden*, Boyd A. Mori, K. Dana Sjostrom and Jens Roland
Department of Biological Sciences, University of Alberta, Edmonton, AB, Canada
The forest tent caterpillar, Malacosoma disstria Hübner (Lepidoptera: Lasiocampidae)
is a native forest defoliator with a broad geographic range in North America. Forest
tent caterpillars experience cyclical population changes and at high densities, repeated
defoliation can cause reduced tree growth and tree mortality. Pheromone-based
monitoring of forest tent caterpillar moths can provide information on spatial and temporal
patterns of incipient outbreaks. Pheromone-baited trap capture of male moths correlates
to the number of eggs and pupae in a population but this relationship breaks down at
high population densities, when moth trap capture declines. The objective of the current
study is to understand the mechanisms that reduce trap capture at high population
densities. We tested two different hypotheses: (1) at high population densities, male moth
orientation to pheromone sources is reduced due to competition for pheromone plumes;
and (2) moths from high density populations will be in poor condition and less likely to
conduct mate-finding behaviors than moths from low density populations. A field study
showed non-linear effects of density on male moth capture in female-baited traps. The
number of males captured increased up to an intermediate density level and declined at
the highest densities. Field cage studies showed that female moth density affected male
moth orientation to female-baited traps, as more males were recaptured at low than
high female densities. There was no effect of male density on the proportion of males
that oriented to female-baited traps. Moth condition was manipulated by varying larval
food quantity. Although feeding regimes affected the moth condition (size), there was no
evidence of an effect of condition on mate finding or close range mating behavior. In the
field, it is likely that competition for pheromone plumes at high female densities during
population outbreaks reduces the efficacy of pheromone-baited monitoring traps.
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Introduction
The most common use of insect pheromones in Integrated
Pest Management (IPM) is to bait traps to detect or delimit
populations of the target insect pest (Witzgall et al., 2010).
In some instances, capture of adult insects in pheromone-
baited traps can predict reproductive capacity of the population
(Contarini et al., 2009), subsequent densities of immatures
(Evenden et al., 1995) and crop damage (Mori et al.,
2014). Despite the extensive interest in and application
of pheromone monitoring in IPM, relatively few studies
examine how the effectiveness of pheromone-baited traps
may vary with population density of the target pest and
therefore, the population estimates obtained (McNeil, 1991). As
population density increases, the number of individuals releasing
pheromone in the managed ecosystem will also increase. If
natural pheromone plumes are as or more attractive than those
from synthetic lures, high insect densities could cause synthetic
pheromone-baited traps to be less efficient at high than low
population densities (Unnithan and Saxena, 1991; Thorpe et al.,
1993; Delisle et al., 1998), and result in population estimates that
are biased downwards at high density (Asaro and Berisford, 2001;
Beroza et al., 1974; Jones et al., 2009). This problem would be
predicted to be most acute for species that experience cyclical
changes in population density, likemany lepidopteran defoliators
of forests.
Pheromone-baited traps have been developed as a tool to
detect invasions and predict population densities for several
forest defoliators. Male spruce budworm moths, Choristoneura
fumiferana (Clem.) (Lepidoptera: Tortricidae), captured in
pheromone-baited traps positioned in Ontario, Canada annually
over a 21-year period were strongly correlated with late-
instar larval population densities in each subsequent year
(Sanders, 1988). As a result, sex pheromone-based monitoring
is used operationally for spruce budworm in eastern North
America. The number of male gypsy moths, Lymantria dispar
L. (Lepidoptera: Erebidae), captured in traps baited with either
1 or 500µg of the gypsy moth sex pheromone, (+)-disparlure,
was correlated with subsequent egg mass density at the same
sites (Thorpe et al., 1993). Male moth capture in traps baited
with low but not high doses of the sex pheromone of the
western hemlock looper, Lambdina fiscellaria lugubrosa (Hulst)
(Lepidoptera: Geometridae), was correlated with samples of
larval and pupal population density within the same generation
and significantly predicted the number of eggs sampled at the
same sites in the subsequent generation. This relationship was
best, however, at the beginning of the flight season before
peak flight (Evenden et al., 1995). In several studies, however,
pheromone-baited trap capture of forest defoliators does not
accurately reflect population densities and/or pheromone traps
are less efficient at high population densities (Delisle et al.,
1998). Western spruce budworm, Choristoneura occidentalis
(Walsingham) (Lepidoptera: Tortricidae), season-long capture
was not correlated to larval numbers sampled in the mid-crown
of 50 trees at the same sites (Sweeney et al., 1990). Trap capture of
Douglas-fir tussockmoths,Orgyia pseudotsugata (McDunnough)
(Lepidoptera: Erebidae), in traps baited with various pheromone
doses did not predict numbers of egg masses or defoliation in the
following generation (Shepherd et al., 1985).
The forest tent caterpillar is a native forest defoliator with
a broad geographic range in North America (Stehr and Cook,
1968). Although broadly polyphagous, the primary host of
the forest tent caterpillar in its northern range is trembling
aspen, Populus tremuloides Michenaux (Salicaceae). Forest tent
caterpillars experience cyclical changes in population density
(Daniels andMyers, 1995). At high densities, repeated defoliation
of aspen can cause reduced tree growth (Hildahl and Reeks,
1960; Churchill et al., 1964) and tree mortality (Candau et al.,
2002). The commercial value of trembling aspen has increased
in recent years (Hogg et al., 2002; Brandt et al., 2003) and tools
are needed to monitor forest tent caterpillar populations and
accurately predict incipient outbreaks. Males search for mates in
response to a female-produced sex pheromone (Struble, 1970)
and orient to synthetic pheromone positioned in non-saturating,
high volume traps (Schmidt et al., 2003). Trap capture of male
forest tent caterpillar moths in synthetic pheromone-baited traps
increases with moth density to an intermediate level but declines
at the highest population densities tested (Jones et al., 2009).
There are several potential mechanisms that could be driving
the reduced trap capture of male forest tent caterpillars in
synthetic pheromone-baited traps at high population densities.
Competition for pheromone sources could occur at high
population densities due to the high number of female moths
releasing pheromone. It is known thatmale forest tent caterpillars
compete for mates at high population densities, as late-arriving
males will attempt to separate pairs already in copula (Bieman,
1982; Bieman and Witter, 1983). This competition may be
enhanced in established outbreak populations that exhibit
a male-biased sex ratio in the adult forest tent caterpillar
population (Witter, 1979). A high density of calling females in
stands with high population densities could create a natural
mating disruption effect. Although mating success of female
spruce budworm moths increases with population density, there
is evidence for competition for pheromone sources at high
population densities that negatively affects the capacity of females
to attract a mate (Régnière et al., 2013). Mating disruption using
synthetic pheromone sources results in reduced trap capture of
male forest tent caterpillars in synthetic pheromone-baited traps
positioned in treated aspen stands (Palaniswamy et al., 1983) but
the potential for natural mating disruption at high population
densities has not been tested in this species.
Another potential impact of high population density on
mate finding behavior is the effect of mating on subsequent
pheromone response. At high population densities, due to close
proximity of females in the area, male moths may quickly
secure a mate. Following copulation, there may be physiological
changes in male moths that alter their ability to subsequently
respond to pheromone. Mating is known to reduce pheromone
production in female moths (Raina et al., 1994; Ramaswamy
et al., 1996) and pheromone response by male moths (Barrozo
et al., 2010). Adult forest tent caterpillar moths have a short
5–10 day lifespan (Fitzgerald, 1995) and even a short post-mating
refractory period could significantly impact the likelihood that a
mated male moth would orient to pheromone and be captured
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in a pheromone-baited monitoring trap. The effect of mating
on subsequent capture in pheromone-baited traps would be
expected to be highest at high population densities.
Moth quality can be reduced at high population densities
due to larval competition for nutrition and increased incidence
of disease. The size of male moths affects flight behavior in
several outbreaking forest lepidopteran species. Large male
C. conflictana fly farther than small moths (Elliott and Evenden,
2009) and male Epirrita autumnata (Lepidoptera: Geometridae)
from low-density populations fly farther than those from high-
density populations despite higher wing loading of individuals
at low densities (Ruohomäki, 1992). The forest tent caterpillar
is a capital-breeding moth that obtains all nutrients for adult
traits through larval feeding (Fitzgerald, 1995). Nutritional stress
during the larval stage results in prolonged larval development in
this species (Jones and Despland, 2006) and moths that emerge
late in the season have smaller absolute wing area than early
emerging adults (Jones and Evenden, 2008). Larval feeding by
forest tent caterpillars results in both rapid- and delayed-induced
responses in aspen that change the quality of the food source
and negatively affects pupal mass (Parry et al., 2003). Male flight
requirements to find females will likely vary with population
density and by extension with availability of larval nutrition
whereby less food may be available at higher densities. Recent
research (Evenden et al., 2015) showed that flight capacity was not
influenced by wing loading of male forest tent caterpillar moths
collected from populations at different densities but energy use in
flight increased with distance flown. At low population densities,
males may have to fly considerable distances to encounter a
receptive female (Elkinton and Cardé, 1980; Sanders, 1983). The
effect of moth quality onmate location is not known for the forest
tent caterpillar but large male E. autumnata are more successful
in mate location by flight than small males (Tammaru et al.,
1996). The effect of moth size onmate location of E. autumnata is
more apparent at low than high population densities where males
would need to fly greater distances to successfully locate a mate
(Tammaru et al., 1996).
The purpose of this study is to determine how population
density affects orientation of male forest tent caterpillar moths
to pheromone sources. We test male moth response to calling
females at different densities in the field. We subsequently use
field cage bioassays to assess the effects of density and sex ratio on
male orientation and mating success. Based on previous findings
(Jones et al., 2009) in field bioassays, we predict that competition
for pheromone plumes occurs at high population densities. Our
experiments are also designed to determine if moth quality (size)
and mating status influence mate finding and mating behavior in
this species.
Materials and Methods
Field Study
Twenty aspen-dominated field sites were selected on the basis
of forest tent caterpillar density near Rocky Mountain House,
Alberta (latitude 52◦22′N longitude 114◦55′W) in 2002. Sites
were located at least 1 km from each other in forest stands at
least one hectare in size. The density of forest tent caterpillars was
estimated at each site using 15-min timed-pupal collections. The
density of healthy moths at each site was then determined from
the number of moths that successfully eclosed from the collected
pupae.
Female moths were collected for use in the field experiment
as pupae in mid-July of 2002 and 2003 from other sites in the
Rocky Mountain House area. Silk was removed from cocoons
and the pupae were separated by sex. Female pupae were housed
individually in 150ml transparent plastic cups under a 18:6 LD,
30◦C photoregime to encourage eclosion. Female moths were
held at 10◦C until transport to the field in refrigerated containers,
1–4 days post-eclosion.
A transect of four female-baited cages was erected at each of
the 20 sites in 2002 and 16 sites in 2003. Cages were placed 20
meters into the forest from the edge and were separated by 40m.
Cages were made from clear plastic to provide visual detection
of females by males in addition to the release of the pheromone
plume. Cages were constructed from clear 2-liter plastic bottles
with the top third of the bottle removed, inverted, and reattached
in order to create a funnel. The funnel was modified with mesh
to allow pheromone dispersion from the trap. A trembling aspen
twig was provided inside the cage for each female to rest on and
to call. Cages were hung from a branch approximately 2m from
the ground. Cages were left in the same locations each night and
were checked each day until the females’ death. The ability of
females to attract mates was measured by the presence or absence
of males in the trap over each female’s life. Females were replaced
at each site as possible, two (2002) and three (2003) times in each
season.
Multiple logistic regression analysis was used to investigate the
relationship between population density and mating attempts at
each site. Date and proportion aspen at each site were included
as additional independent terms, as was the interaction between
date:density. Linear and non-linear effects of population density
on the ability of females to attract mates were modeled using
generalized linear models (GLM) (McCullagh and Nelder, 1989)
and generalized additive models (GAM) (Hastie and Tibshirani,
1990), respectively, both using R (R Core Development Team,
2013). Non-linear relationships were explored through a non-
parametric spline fit GAM as opposed to a parametric non-linear
fit because there was no a priori expectation of the shape of the
response.
Field Cage Studies
Forest tent caterpillars were collected as either eggs or pupae from
infestations near Fort McMurray, Alberta (56◦43′N, 111◦22′W)
or Lac LaBiche (54◦84′N, 111◦97′W) in 2008 and 2009,
respectively. Egg masses were stored in paper bags at 4◦C until
use. Larvae reared from egg masses were maintained on artificial
diet (Addy, 1969) at room temperature under natural lighting
conditions beginning in May of each year. Cocoons of lab-reared
and field-collected pupae were removed using a 3% sodium
hypochlorite solution (Grisdale, 1975). Pupae were stored
individually under the same rearing conditions and checked at
1–2 day intervals for moth eclosion. Adults were separated by sex
and males and females were stored in separate chambers at 15◦C
until use in field cage studies. Only moths < 3 days old were
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used in experiments and both males and females were evenly
distributed by age between treatment and control cages.
Three field cage studies were designed to test the hypothesis
that female forest tent caterpillar density affects male moth
orientation to pheromone sources through competition. The
moth densities reflected those that would occur under natural
outbreak conditions (Hodson, 1941; Batzer et al., 1995). All
experiments were conducted at the University of Alberta, South
Campus Farm in early July to mid-August in both years. A paired
cage design was used, with one cage serving as a control and the
second cage housing the various population density treatments
(Table 1). Field cages (1.8 × 1.8 × 1.8m) were separated by at
least 50m. Moth orientation was measured by male response to
a female-baited sentinel trap. The sentinel trap consisted of a
white Delta trap (Contech Inc., Delta, BC) fitted with a sticky
insert and baited with two mesh pouches each containing a
newly emerged virgin female moth. The trap was positioned on
a wooden stake 1m above the ground in the center of each
field cage. All trials were set up in the late afternoon and male
orientation to pheromone was measured as the number of males
captured in female-baited traps the following morning.
Experiments 1 and 2 (Table 1) tested the impact of
background pheromone from evenly distributed calling females
on the disruption of orientation of males to female-produced
pheromone plumes emitting from the sentinel trap. In the
treatment cage, 35 (Experiment 1) and 50 (Experiment 2) mesh
pouches (10 × 10 cm), each containing one virgin female, were
evenly distributed on strips of green flagging tape suspended
from the top of the cage. In the control cage a similar number
of pouches were deployed but they remained empty. In each
replicate (Table 1), 30 (Experiment 1) and 50 (Experiment 2)
virgin, free-flying male forest tent caterpillar moths were
introduced into the cages. The cages were left overnight and the
number of male moths captured in the sentinel trap was recorded
the next morning. Each replicate was established with newmoths
on each of seven (Experiment 1) and six (Experiment 2) nights
(Table 1).
Experiment 3 followed the same protocol as the first two
experiments but allowed for the sex ratio of moths in the treated
cage to differ (Table 1). A male-biased sex ratio of approximately
2:1 occurs in established forest tent caterpillar outbreaks (Witter,
1979). This experiment consisted of three treatments: (1) A
control cage with only the sentinel trap and 30 mesh pouches
(10 × 10 cm) evenly distributed on strips of green flagging tape
suspended from the top of the cage to provide perching locations
formales but no femalemoths were placed in these bags. Eighteen
male moths were released into the control cage in each replicate.
(2) The first treatment cage (low density) was set up exactly as the
control cage but 18 of the 30 mesh bags contained virgin females
resulting in a 1:1 male to female ratio. (3) The second treatment
cage (high density) was set up like the low density treatment
cage but twice the number of male moths (36) was released per
replicate resulting in a 2:1 male to female ratio. Nine replicates
were conducted using new moths in each replicate (Table 1).
A fourth field cage experiment (Table 1) tested the hypothesis
that at high population densities, a greater proportion of male
forest tent caterpillars will mate and mated males will be
subsequently less responsive to pheromone-baited traps. In
addition to the sentinel trap, treated cages received 30 free-
flying virgin females that could mate with males and the control
cages did not receive females. Thirty, free-flying males were
introduced into both cages and the number of males captured
in the sentinel trap after one night was recorded. Prior to
introduction to the treated cage, females were dusted with a small
amount of fluorescent powder (DayGlo, Cleaveland OH) and all
males were recovered at the end of each trial and observed for
powder transferred to the abdomen under ultraviolet light as an
indication of “mating.” Differently colored fluorescent powders
TABLE 1 | Experimental design of treatment and control field cages in experiments 1-5, conducted in 2008 and 2009.
Experiment Number (Replicates
attempted) [Replicates used in
analysis]
Number and description of females in variously
treated cages
Number of males in cages Lure in sentinel trap
1
(N = 7)
[N = 6]
35 females in mesh bags in treated cage
35 mesh bags without females in control cage
30 males in treated cage
30 males in control cage
Two calling females
2
(N = 6)
[N = 3]
50 females in mesh bags in treated cage
50 mesh bags without females in control cage
50 males in treated cage
50 males in control cage
Two calling females
3
(N = 9)
[N = 9]
30 mesh bags, 18 with a female moth
30 mesh bags, 18 with a female moth
30 mesh bags without females in control cage
18 males in low density cage
36 males in high density cage
18 males in control cage
Two calling females
4
(N = 8)
[N = 5]
30 females marked with fluorescent powder, free flying in
treated cage
0 females in control cage
30 males in treated cage
30 males in control cage
Two calling females
5
(N = 10)
[N = 10]
30 mesh bags without females
30 mesh bags without females
6-20 big males, pupae > 250mg
9-28 small males, pupae < 250mg
Two calling females
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were used in each of eight replicates (Table 1) of the experiment
to avoid potential contamination.
A final field cage experiment (Experiment 5) tested the
hypothesis that male moth condition (size) would impact the
mate finding ability of male forest tent caterpillar moths. Thirty
mesh pouches (10 × 10 cm) were evenly distributed on strips
of green flagging tape suspended from the top of each cage to
provide perching locations for males but no female moths were
placed in these bags. “Big” males (pupal mass > 250mg) were
released into one of the two field cages at a density of 6–20
moths per replicate (Table 1). In the second cage, “small” males
(pupal mass < 250mg) were released at densities of 9–28 per
replicate. The cages were left overnight and the proportion of
released male moths captured in the sentinel trap was recorded
the next morning. Ten replicates (Table 1) were conducted using
new moths in each replicate.
For Experiments 1–4, to determine if moth density treatments
affected the number of males captured in female-baited traps
separate generalized linear models were conducted with a
Poisson error distribution and night of the experiment specified
as a block. If no males were captured during the night, the
replicate was removed from the analysis (Table 1). To determine
if moth size affected the proportion of males captured in female-
baited traps in Experiment 5, a generalized linear mixed-effects
model with a binomial distribution was used.
Mating Cage Study
A mating cage experiment was designed to test the hypothesis
that moth condition would influence mating behavior of the
forest tent caterpillar. Moths of varying condition were obtained
by rearing larvae from eggs collected in Lac La Biche, AB under
different nutrient regimes. Ten third instar larvae from each
egg mass were separated into three different feeding regimens
so that genetic effects among treatments could be minimized.
The three feeding regimens included: (1) well-fed larvae fed 2
(1 × 1 cm) cubes of artificial diet 3 days per week; (2) medium
fed larvae fed 2 cubes of artificial diet 2 days per week and two
cubes of agar 1 day per week; (3) starved larvae fed 2 cubes of
artificial diet 1 day per week and two cubes of agar two times per
week. The survival and time to pupation were monitored in each
feeding treatment. Pupae of surviving insects in each treatment
were weighed. Pupae were observed at 1–2 day intervals for
moth eclosion and the resulting moths were separated by sex.
Individual moth pairs were placed in small cages (60×60×60 cm)
in one of nine pairing treatments: (1) well-fed females × well-
fed males (N = 30); (2) well-fed females × medium-fed males
(N = 20); (3) well-fed females × starved males (N = 5);
(4) medium-fed females × medium-fed males (N = 41); (5)
medium-fed females × well-fed males (N = 19); (6) medium-
fed females × starved males (N = 7); (7) starved females ×
starved males (N = 5); (8) starved females × well-fed males
(N = 7); (9) starved females×medium-fed males (N = 5). Nine
cages were positioned within field cages (1.8 × 1.8 × 1.8m) at
the University of Alberta south campus farm. Moth pairs were
established in the late afternoon and provided with a fresh aspen
branch as an oviposition substrate. Moths were observed at the
onset of scotophase (10 pm) each night and mating behavior was
recorded. Moths remained in cages until the female died or an
egg mass was laid. Moths were considered to have mated if they
were observed mating or if females laid a robust egg mass. To
verify female mating status, females were subsequently dissected
to confirm transfer of a spermatophore to the bursa copulatrix.
Kruskal-Wallis tests were conducted on each sex separately to
determine if days to pupation and pupal mass varied with feeding
regime. A Bonferroni correction procedure was used for multiple
comparisons. Finally, χ2-tests were used to determine if feeding
treatment influenced the number of matings obtained for moths
of each sex.
The distribution of residuals was assessed to determine the
model fit in all analyses.
Results
Field Study
Density positively affected the capacity of female forest tent
caterpillar moths to attract a mate in the field (Coeff = 0.009,
F = 3.69, df = 1, P = 0.05, Figure 1), and over-all success of
mate attraction differed among the five dates (F = 11.46, df =
4, P < 0.001). There was no significant interaction between date
and density (F = 1.25, df= 4, P = 0.29) suggesting that the effect
of population density was similar among dates. The percentage of
aspen in the forest canopy had no effect on mate finding success
(Coeff= 0.009, F = 0.46, df= 1, P = 0.50). A linear fit accounted
for 31% of the variation in success at mate attraction (Figure 1).
There was a significant non-linear effect of population density
onmate attraction as detected using the non-parametric spline fit
GAM (χ23 = 12.42, P = 0.002). This model indicates that mate
attraction increases with density up to an intermediate density
followed by a decrease at the highest population levels (Figure 2).
Because aspen content and interactions between density and date
were found to be non-significant in preliminary analyses these
variables were not included in the GAM. The overall fit for the
non-linear model accounted for about 35% of the variation.
Field Cage Studies
Experiments 1 and 2 (Figure 3) both showed that the presence
of calling females evenly distributed in the field cages negatively
impacted the ability of male forest tent caterpillars to find a
mate, as indicated by trap capture in the female-baited sentinel
traps. There was a significant reduction in the number of males
captured in the sentinel trap in the cages treated with 35 (χ21 =
3.85, P = 0.0496) and 50 (χ21 = 6.93, P = 0.0085) calling females
as compared to the clean-air control cages in both experiments
(Figures 3A,B). Further, there appears to be an effect of density
on this interference as some males were captured in the trap
located in the treated cage in Experiment 1 when there were
35 females in the background and no males were captured in
the treated cage in Experiment 2 when there were 50 females
in the background (Figure 3B). In Experiment 3, in which the
density of male moths was varied to alter the moth sex ratio in
the cage, there was no effect of male moth density on the number
of released males captured in female-baited sentinel traps (χ22 =
2.53, P = 0.2821). Interestingly, this experiment showed no effect
Frontiers in Ecology and Evolution | www.frontiersin.org 5 July 2015 | Volume 3 | Article 78
Evenden et al. Effect of population density on mate-finding behavior
FIGURE 1 | Linear effect of moth density on mating attempts
in the forest tent caterpillar. Mating attempt is measured by
ability of a female to attract a male. The Y-axis is the added
effect of density on mate attraction, with the mean rate of
attempts as a logit of the proportion successfully attracted centered
on zero (GLM, P = 0.05).
of the presence of calling females in the background on male
orientation to sentinel females at a density of 18 females per cage.
In Experiment 4, both the effect of increased pheromone
and the effect of mating with females on subsequent mate
finding were factors as females were free flying in the treated
cage. Females were marked with fluorescent powder to track
the number of males that mated (transferred powder to males).
Interestingly, in the cage that contained free-flying females, more
males were captured in sentinel female-baited traps than in the
control cage without free-flying females. (Figure 3C) (χ21 = 3.85,
P = 0.0496). Approximately 41% of males collected from the
treated cage at the end of each replicate in Experiment 4 had
fluorescent powder indicating abdominal contact with females.
Some males captured in the sentinel trap were marked indicating
that males canmate and pursue another female in the same night.
There was no effect of moth size on the proportion of released
males that were captured in sentinel female-baited traps in
Experiment 5 (χ21 = 1.50, P = 0.2212).
Mating Cage Studies
There was a significant effect of nutrient regime on the time to
pupation for both male (χ22 = 35.05, P < 0.0001) and female
(χ22 = 45.95, P < 0.0001) forest tent caterpillars. Development
time was fastest for well-fed insects, intermediate for medium-fed
insects and slowest for starved insects (Figure 4). Pupal weight
was also affected by nutrient regime presented to the larvae for
both males (χ22 = 22.06, P < 0.0001) and females (χ
2
2 =
31.03, P < 0.0001). As would be expected, medium-fed larvae
resulted in pupae with a mass that was intermediate between
the heavy pupae from well-fed larvae and the light pupae from
starved larvae (Figure 4). There was no effect of the condition of
adult moths generated from the different nutrient regimes on the
number of matings acquired by males (χ22 = 3.81, P = 0.1489)
or females (χ22 = 4.45, P = 0.1083).
Discussion
The results of this study show that density of forest tent caterpillar
populations influences the capacity of male moths to orient to the
pheromonal cues released by females. In general, female forest
tent caterpillars were more successful at attracting a mate in
aspen stands with high than low population densities. These data
support the presence of a mate-finding Allee effect (Gascoigne
et al., 2009) similar to that which has been illustrated in other
forest defoliators that undergo cyclical changes in population
density (Contarini et al., 2009; Régnière et al., 2013). In gypsy
moth populations in Virginia, West Virginia (Sharov et al., 1995)
and Wisconsin (Tcheslavskaia et al., 2002; Contarini et al., 2009),
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FIGURE 2 | Non-linear effects of moth density on mating attempts by
male forest tent caterpillar moths shown using a non-parametric
spline fit GAM (P = 0.02). Plot is the fitted response to density with the
residuals from the full model added. The Y-axis is the added effect of density
on mate attraction, with the mean rate of attempts as a logit of the proportion
successfully attracted centered on zero.
the probability of females mating increases exponentially with
male moth density, as measured by moth capture in pheromone-
baited traps. The relationship between mating success of female
spruce budworm moths and population density is non-linear
and mating levels plateau before reaching 100%, even at the
highest population densities examined (Régnière et al., 2013). In
the current study, non-linear models reveal that, for the forest
tent caterpillar, an intermediate density promotes the highest
levels of orientation to pheromone and subsequent mate finding.
Similarly, trap capture of male forest tent caterpillar moths
in synthetic pheromone-baited traps is highest at intermediate
population densities (Jones et al., 2009). This suggests that
competition for the chemical communication channel exists in
dense populations of forest tent caterpillars and interferes with
pheromone orientation and mate location.
Competition for pheromone sources is implicated in the
reduced efficiency of pheromone-baited traps at high population
densities in some forest defoliators (Delisle et al., 1998)
but not in others (Östrand et al., 2007). Delisle et al.
(1998) directly compare the efficiency of pheromone-baited
vs. light traps at different densities of the eastern hemlock
looper, Lambdina fiscellaria (Lepidoptera: Geometridae). At
low population densities, pheromone-baited traps capture more
moths than light traps, whereas, light traps are more efficient
than pheromone traps at high population densities (Delisle
et al., 1998). Although several studies suggest that competition
for natural pheromone sources can reduce the efficacy of
pheromone-baited traps at high population densities (Campbell
et al., 1992; Delisle et al., 1998), few studies directly manipulate
moth density to test this assumption. In the current study,
we manipulate female and male moth density in field cages
and illustrate that increased female density results in higher
competition for pheromone sources and reduced orientation
capacity of males to sentinel females. This can be considered
as a natural mating disruption effect as orientation interference
occurs when females are evenly distributed throughout the field
cage space and is greater at high than low female densities.
Recent application of theoretical research (Miller et al., 2006a) to
empirical studies of mating disruption of moths using synthetic
pheromone in various managed ecosystems (Miller et al., 2006b)
shows that competition for pheromone sources is the main
mechanism by which mating disruption interferes with male
moth orientation to females in pheromone-treated crops. This
is true for pheromone-based disruption of mating of the gypsy
moth in which interference of mate location increases with the
number of synthetic pheromone dispensers positioned in the
study area (Tcheslavskaia et al., 2005). In our study, competitive
attraction among female-produced pheromone sources appears
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FIGURE 3 | Box and whisker plots of male forest tent caterpillar
moths captured per night in a sentinel trap baited with two calling
females in field cages with clean air or 35 (A) or 50 (B) calling females
evenly distributed in mesh bags throughout the cage or 30 free-flying
females (C). The first and third quartiles are represented by the top and
bottom of the box, respectively. The midline indicates the median and the
vertical lines extending from the box (whiskers) represent the maximum and
minimum values. Data are based on the release of 30 (A,C) and fifty (B)
males in each cage for each replicate. Within a panel, bars with different
letters are significantly different (GLM, P < 0.05).
to be driving the disruption of orientation of male forest tent
caterpillar moths to sentinel females because alteration of male
density in the field cages does not affect the number of male
moths captured. These data provide amechanistic understanding
for the lower capture of male forest tent caterpillar moths
in synthetic pheromone-baited traps at high compared to low
population densities (Jones et al., 2009).
Interestingly, competition for pheromone sources at high
female densities interfered with male forest tent caterpillar
moth orientation to sentinel pheromone sources only when the
females were evenly distributed throughout the field cages. When
the females were flying freely within the cage, their presence
appeared to stimulate rather than interfere with male orientation
capacity to the sentinel female. Females released into the cage
tended to be clumped in distribution as they alighted on the
mesh covering of the cage surface. It is likely that natural mating
disruption by competitive attraction does not occur when females
are clumped in distribution because much of the caged area
would contain clean air and allow for males to orient to the
distinct pheromone signal of the sentinel females. Enhanced
orientation to the sentinel female in cages containing free-flying
females as compared to the control cages without females could
be explained by increased activity or sensitivity of males as a
result of stimulation by female pheromone. In a few instances,
exposure to pheromone appears to sensitize male moths so
that subsequent response to pheromone is enhanced (Anderson
et al., 2003, 2007; Stelinski et al., 2004). Further research is
required to measure the neurophysiological response of male
forest tent caterpillars to pheromone exposure to determine
if it enhances subsequent upwind orientation to pheromonal
cues.
Although moth condition is known to influence mate finding
behavior in other forest defoliators (Tammaru et al., 1996), we
could find no evidence that moth size or mating status influence
subsequent mate finding behavior in the forest tent caterpillar.
Some of the male moths captured in female-baited traps in the
field cage were marked with fluorescent powder indicating that
they had come into contact and potentially mated with the free-
flying females in the cage prior to orientation to the calling
sentinel female. Male forest tent caterpillar moths are known
to mate multiple times (Stehr and Cook, 1968) but this study
provides evidence that males can mate more than once in a single
scotophase. Mating duration varies with population density in
forest tent caterpillar moths with copulations lasting an average
of 85 and 187min at low and high densities, respectively (Bieman,
1980). It is more likely that males would pursue a second mate
within the same scotophase at low than high population density
as most matings are restricted to a three and a half hour period
commencing 2 h before sunset in the northern parts of its range
(Shepherd, 1979; Bieman, 1980). This finding suggests that mated
male forest tent caterpillar moths are physiologically capable
of orientation to pheromone and reduction of male moth trap
capture at high population densities (Jones et al., 2009) is not
likely due to differential attraction of virgin male moths to
pheromone sources.
The quality of nutrition obtained by forest tent caterpillar
larvae is known to affect larval development (Jones andDespland,
2006; Noseworthy and Despland, 2006) and the traits of adult
moths (Colasurdo et al., 2009). Both rapid- and delayed-induced
responses to forest tent caterpillar feeding occur in aspen that
change the quality of the food source and negatively affect pupal
mass and subsequent fecundity (Parry et al., 2003). Less is known
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FIGURE 4 | Box and whisker plots of the days to pupation (A) and
pupal mass (B) of male and female forest tent caterpillars reared on
different quantities of artificial diet. The first and third quartiles are
represented by the top and bottom of the box, respectively. The midline
indicates the median and the vertical lines extending from the box (whiskers)
represent the maximum and minimum values. Within each panel and sex,
bars with different letters are significantly different (Kruskal-Wallis Test,
P < 0.05).
about the effect of nutrient quantity on the development and
mating behavior of forest tent caterpillars, despite the implication
of larval competition for food in the collapse of population
outbreaks (Witter et al., 1972; Witter, 1979; Smith and Goyer,
1986). In the current study, the quantity of food provided to
larvae was manipulated and well-fed larvae developed the fastest
and had the highest pupal weights. There was, however, no
effect of male moth body size on the proportion of released
moths captured in sentinel female-baited traps. Flight capacity
of male forest tent caterpillar moths is not influenced directly
by wing loading but is limited by energy use (Evenden et al.,
2015). As the field cage limited the dispersal distance of released
moths in the current study, energy use is likely not a factor in
male moth orientation to females within the cage. Under field
conditions, copulation is more likely to occur between male
and female forest tent caterpillar moths of similar size (Miller,
2006) which suggests that short range mate acceptance behavior
occurs in this species. In the current study, individual pairings
of moths of varying quality did not reveal an effect of moth
quality on mating success. A future bioassay in which moths of
different quality have a choice of mates might provide further
insight into the occurrence of size-based assortative mating in
this species.
Conclusions
The cyclical changes in population density of the forest tent
caterpillar make it a good system to examine the impact
of moth density on mate location using pheromones. The
work has further implications to understanding the population
dynamics of this species and the use of pheromone-baited
traps to accurately monitor populations. Females positioned in
traps in the field were more likely to attract male moths at
sites with increasing moth density. This finding suggests that
there is a mate-finding Allee effect that may limit population
establishment at low population densities, as has been reported
in other forest defoliators (Contarini et al., 2009; Régnière et al.,
2013). Interestingly, mate attraction was greatest at intermediate
population densities as the capacity of male moths to orient to
females declined at sites with the highest densities. This is similar
to the curvilinear relationship reported for male forest tent
caterpillar moths captured in synthetic pheromone-baited traps
at sites with different population densities (Jones et al., 2009).
This suggests that population estimates from pheromone-baited
traps are less reliable at high population densities andmonitoring
efforts should be adjusted to incorporate approaches that are less
affected by density such as the use of light traps (Delisle et al.,
1998). Closer examination of male orientation to females in field
cages in which female density was manipulated revealed that the
most likely mechanism for reduced mate finding at high densities
was mating disruption by competitive attraction to many natural
pheromone sources. Fewer male moths were attracted to sentinel
females in cages with females evenly distributed throughout
the field cage. Male moths spend time and energy orienting to
female-produced plumes and are less likely to orient to sentinel
females. This study also provides preliminary evidence for a
stimulatory effect of pheromone exposure on male moth mate
searching, as males in cages with free-flying females were more
likely to orient to sentinel females than in cages without the
presence of females. There was no evidence from our studies
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that lower moth condition as a result of nutrient stress from
larval competition influenced mate finding or close range mating
behaviors. Further experimentation is necessary to assess any
potential effect of moth condition on long and short distance
mating behaviors under varying population densities and field
conditions.
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